Abstract: A design of technologically feasible hole-assisted silica fibers with all-normal dispersion was proposed and optimized for maximum dispersion located, respectively, at 1.55 and 1.97 m. Such fibers allow for efficient supercontinuum generation using erbium-or thulium-doped fs fiber laser as a pump. Nonlinear simulations accounting for fiber loss were performed to find optimum pumping conditions. Our results point to the possibility of coherent supercontinuum generation in silica fibers with a long-wavelength limit reaching midinfrared.
Introduction
Since the first observation of supercontinuum (SC) generation by Alfano and Shapiro in borosilicate glass in 1970 [1] , great improvement has been achieved in the quality of generated spectrum, including spectral range, flatness, and stability. Some of the key milestones in this progress are the first supercontinuum generation in optical fiber [2] , the usage of microstructured optical fiber with shifted zero dispersion wavelength [3] , and the pulse preserving generation in all-normal dispersion (ANDi) microstructured fibers [4] , [5] .
It was shown in [5] and [6] that for pumping at around 1 m, it is beneficial for spectra broadening in the all-normal dispersion regime to match the wavelength of maximum negative dispersion and the pump wavelength. In pure silica photonic crystal fibers with a constant air filling factor, it is possible to obtain the maximum negative value of dispersion in the range of 0.5-1.3 m, depending on geometrical parameters of the microstructured cladding [6] . For this reason, the long wavelength edge of the SC generated in ANDi silica fibers reached maximally 1.5 m with pumping at 1.05 m [5] . On the other hand, the absorption edge of silica glass is located beyond 2.5 m; therefore, there is a significant spectral range not covered yet by the SC generated in silica fibers in ANDi mode.
In our work, we demonstrate that properly designed hole-assisted germanium-doped silica fiber may have normal dispersion with maximum located at 1.55 m or 1.97 m and numerically study the effectiveness of ANDi SC generation in different pumping conditions, including pulse peak power, pulse duration time, and pump wavelength. The considered pumping wavelengths correspond to erbium or thulium doped fs fiber lasers. Recently, the all-solid heavily germanium doped silica fiber with a four-layer refractive index profile was proposed for pumping at 1.55 m [7] , however a required high concentration of GeO 2 in the fiber core, ranging from 60 to 100 mol%, limits the feasibility of such fiber. The other recently proposed fiber design assuring all-normal dispersion with maximum at about 1.55 m was based on lead-silicate glasses (SF6/LLF1) and contained a well-defined core surrounded by six coaxial rings with two different refractive indices [8] . In [9] , a successfully experimental demonstration of ANDi SC generation in the range from 0.9 m to 2.3 m was reported in the all-solid microstructured fiber made of borosilicate glass with flint glass inclusions [10] .
In this work, we show that by using a specially designed hole-assisted germanium doped silica fiber it is possible to generate a broad ANDi SC reaching far beyond 2.0 m. Simplicity of the proposed fiber makes it technologically feasible and assures high flexibility in shaping the all normal dispersion profile, including the maximum position. Another advantage of the proposed fiber design is that it is based on silica glass, which makes it compatible with optical telecommunication technology. It is worth to mention that the concept of a hole-assisted silica fiber was already successfully used to engineer the dispersion profile for other applications, like dispersion compensating fibers [11] or small negative dispersion fibers for broadband dense wavelength division multiplexing (DWDM) system [12] . In order to analyze the influence of pumping conditions such as peak power and duration time on the SC characteristics (width, flatness and stability), we performed the simulations using the generalized nonlinear Schrödinger equation (GNLSE) with the split-step Fourier method. In our calculations, we accounted for realistic and intentionally overestimated materials losses, basing on experimental data available in literature for germanium-doped silica fibers [13] . Our simulations show that ANDi SC generated in the proposed fibers is fully coherent and reaches far beyond 2.0 m in the long wavelength range.
Design and Characteristics of Hole-Assisted Fibers
The possibility of obtaining all-normal dispersion for SC generation in microstructured silica fibers was analyzed by Hartung et al. [6] . They compared suspended-core fibers and photonic crystal fibers and demonstrated that PCFs have much greater flexibility in shifting the position of negative maximum dispersion wavelength (MDW). To shift the position of the dispersion maximum up to 1.3 m and keep it negative, one needs to increase the pitch and simultaneously decrease the air filling factor. This leads to the increase in confinement loss, and as a consequence, a large number of hole rings is necessary to keep the loss within the acceptable range. Moreover, it was demonstrated in [6] that the chromatic dispersion starts to grow monotonically without any maximum for the pitch greater than 2.5 m.
The other approach for obtaining all-normal dispersion in microstructured silica fibers for SC generation was proposed by Saitoh et al. in 2004 [14] . By optimizing the air filling factor in the successive rings, they achieved negative flattened dispersion with maximum at 1.55 m. However, as the air holes diameters are different in the first 5 rings surrounding the core, a very high precision of fabrication of such a fiber is needed. Moreover, 330 air holes in total are required to keep the confinement loss low, which makes the fabrication process challenging.
In our design, we reduced the number of air holes rings to one and introduced a germaniumdoped core to improve the mode confinement, which reduces the effect of confinement loss increase in the long wavelength range. Moreover, germanium dopant increases the glass nonlinear coefficient, which is beneficial for nonlinear processes. The geometry of the proposed fiber shown in Fig. 1 is described with the following parameters: d do -diameter of germanium doped core; d rdiameter of air holes ring; d h -diameter of air holes; C-germanium doping level.
In order to find the proper values of geometrical parameters, we built the numerical model of the fiber with COMSOL Multiphysics Wave Optics Module. Field distribution and effective refractive index of the fundamental mode were calculated using the finite element method (FEM). The chromatic dispersion of pure and doped silica glass was taken into account in the simulation process [15] , [16] . Moreover, we assumed a technologically feasible level of GeO 2 concentration equal to 30 mol% [17] . The geometrical parameters of the hole-assisted germanium doped fibers were chosen in such a way to obtain small negative maximum at 1.55 m (fiber A) or 1.97 m (fiber B) and assure fiber feasibility. The parameters selected in the simulations are gathered in Table 1 , while the corresponding dispersion profiles are presented in Fig. 2 . The chromatic dispersions of both fibers exhibit not only the maxima but local minima as well: −71.8 ps/km/nm @ 2.57 m (fiber A) and −10.7 @ 2.67 m (fiber B). The difference in the local minimum values is related to a different ratio of the air holes diameter ðd h Þ to the air holes ring diameter ðd r Þ in the two fibers. The chromatic dispersion of the fiber A could be further flattened by lowering the air holes diameter. However, to keep the fabrication process feasible we decided not to decrease the air hole diameter d h below 0.4 m. The proposed fiber design can be further optimized in terms of nonlinear properties. For example, increasing the diameter of the doped core and shifting the air holes towards the core will increase the fiber effective nonlinear coefficient while keeping the dispersion in the all-normal regime.
To evaluate the confinement losses in the two fibers, we introduced in the numerical model the perfectly matched layers. Then, by applying FEM solver, we determined the complex effective refractive index of the fundamental mode, whose imaginary part was finally used to calculate the confinement loss coefficients A and B , respectively, for the fiber A and B. In Fig. 3 , we present the confinement losses together with material losses estimated basing on the experimental data reported in [13] for highly GeO 2 doped fibers. Due to high concentration of GeO 2 , the minimum fiber loss is shifted to 1.84 m and equal to about 2 Â 10 À2 dB/m. This loss figure far exceeds a typical loss related to the presence of OH ions (3 Â 10 À3 dB/m at 1.4 m) [18] . As a consequence, the OH absorption peak at 1.4 m is not visible in the loss characteristic used in our simulations.
The losses in the short wavelength range are related to Rayleigh scattering ð UV Þ while in the long wavelength range to infrared absorption ð IR Þ. The spectral dependences of the overall losses showed in Fig. 3 were used in the simulation of the SC generation process in both fibers.
Supercontinuum Generation
In order to investigate the influence of pumping parameters on the characteristics of the generated SC spectra, we used a self-developed software solving the generalized nonlinear Schrödinger equation (GNLSE) with the split step Fourier method [19] , [20] . In the performed simulations, we assumed the Raman response function as given by Stolen [19] , [21] , with the Raman fraction equal to 18% and 1 ¼ 12:2 fs and 2 ¼ 32 fs. Since the generated spectra are broad and the effective mode area depends strongly on the wavelength (cf. Fig. 2) , we accounted for dispersion of effective mode area using the envelope normalization proposed by Laegsgaard [22] . As the mode overlap with germanium doped core decreases with wavelength, the effective nonlinear coefficient n 2 is in general wavelength dependent. In our simulations, we neglected the dispersive character of the nonlinear coefficient n 2 and assumed its value to be 2:6 Â 10 À20 m 2 =W [19] . This value underestimates n 2 in germanium doped-core; thus, spectral broadening could be also underestimated. Additionally, in the simulations of coherence of the SC spectra, we introduced one photon per mode noise in the initial pulse [23] and accounted for the Raman noise, as described by Drummond et al. [20] , [24] .
We analyzed femtosecond pulse pumping at 1.55 m and 1.97 m for both fibers A and B. In the simulations we considered a pulse duration ranging from 50 to 400 fs and a peak power from 5 to 100 kW. Those parameters are already achievable in commercially available modelocked erbium doped fiber lasers operating at 1.55 m. The thulium doped mode-locked fiber lasers are now in the phase of fast development. Recently, the pulses shorter than 800 fs were obtained for this class of lasers [25] , [26] . Therefore, one may expect that the parameters assumed in the simulations for thulium lasers will be reached soon. 
Fiber A Pumped at 1.55 m
The results of calculations obtained for the fiber A prove that the nonlinear processes under femtosecond pumping at 1.55 m produce a broad supercontinuum with pulse preservation typical for all-normal dispersion regime, Fig. 4 . In the simulations, the assumed initial pulse was sech 2 with peak power P P ¼ 100 kW and duration (full width half maximum) t FWHM ¼ 65 fs, while the fiber attenuation was disregarded. The left plot shows dynamics of the supercontinuum generation along the propagation distance of 1 m. The SC spectra are normalized to the spectral energy density in the initial pulse. Three spectrograms obtained for 1, 3, and 20 cm distance are also presented in Fig. 4 . The gate function used for spectrograms calculations was the initial pulse. One can notice that already on 3 cm distance the spectrum is very broad and covers the range from 0.9 to 2.1 m. Further propagation results only in smoothing the spectrum. The spectrogram at 20 cm has the characteristic typical for ANDi SC with the pulse duration expanded in time due to the fiber chromatic dispersion.
In the considered fiber, the generated spectrum does not reach the infrared absorption edge. In order to reveal the effect of fiber loss on the SC spectrum, the calculations were repeated with the included realistic loss level presented in Fig. 3 Fig. 3) . Additionally, we performed simulations with the loss overestimated 10 times compared to the data presented in Fig. 3 . The comparison of the spectra generated in a 1 m long fiber is presented in Fig. 5 . One can notice that the spectrum obtained for the realistic fiber loss (dashed green) almost overlaps with the spectrum generated in the lossless fiber (red). Even in the case of pessimistic loss estimation, the spectrum practically does not change in the long wavelength range. One can conclude that in the fiber A, spectral broadening in the long wavelength range is not limited by fiber loss but by high absolute value of chromatic dispersion exceeding 40 ps/km/nm at 2.2 m. Including the realistic OH absorption peak (3 Â 10 À3 dB/m at 1.4 m) into the loss characteristic would not affect the generated spectra as the OH loss is much smaller than the material loss assumed in the simulations. We also analyzed the influence of the pump pulse parameters on characteristics of the generated SC. First, we fixed the pulse duration at t FWHM ¼ 65 fs and changed the peak power in the range from 5 to 100 kW. The spectra generated in a 1 m long fiber are presented in Fig. 6(a) and (b) . The peak power of 50 kW is enough to generate broad and flat spectrum ranging from 1.00 m to 2.05 m. Then we fixed the peak power at 50 kW and changed the pulse duration from 50 to 400 fs. The results presented in Fig. 6(c) and (d) show that in order to obtain the flat SC, one needs to use ultra-short pulses with duration shorter than 100 fs ðt FWHM G 100 fsÞ. Normalized spectrum evolution along fiber length z. Three spectrograms show the pulse characteristics for 1 cm, 3 cm, and 20 cm, propagation distance.
Finally, we fixed the pulse duration at t FWHM ¼ 65 fs; and the peak power at 50 kW and compared the spectra generated in the fiber A of length 1 m pumped at 1.55 m and 1.97 m (Fig. 7) . Pumping at maximum dispersion wavelength (1.55 m) results in almost symmetric SC spectrum covering the range from 1.00 m to 2.05 m (blue line). For the pump at 1.97 m, the SC long wavelength edge is shifted up to 2.29 m, however, the generated spectrum becomes highly asymmetric (red line).
Fiber B Pumped at 1.97 m
We also analyzed the process of the SC generation in the fiber B pumped at 1.97 m with sech 2 pulses of 100 kW peak power and 65 fs duration time. The results of simulations presented in Fig. 8 were obtained with disregarded loss, with the realistic loss estimation according to Fig. 3 ð ¼ UV þ IR þ B Þ and with the loss overestimated 10 times compared to Fig. 3 . For the lossless fiber, a broad spectrum covering the range from 1.1 m to 2.7 m is generated.
The fiber loss down-shifts the long wavelength limit of the SC by 20 nm for the realistic loss estimation and by 150 nm for the loss overestimated 10 times. Fig. 6 . Influence of initial pulse parameters on SC generated in the fiber A. (a) t FWHM ¼ 65 fs and P P changed from 5 to 100 kW. (b) Normalized spectra for different peak powers, following spectra are up-shifted by 1 division. (c) P P ¼ 50 kW and t FWHM changed from 50 to 400 fs. (d) Normalized spectra for different duration times, following spectra are up-shifted by 1 division. Fig. 5 . Spectra generated in the fiber A after 1 m long propagation distance for 65 fs initial pulse centered at 1.55 m and peak power of 100 kW. The lines represent the following spectra: blackinitial pulse; red-SC generated with disregarded fiber loss; green dashed-SC generated in fiber with the realistic loss level shown in Fig. 3 ; blue-SC generated in fiber with the loss increased 10 times.
The calculated dynamics of the supercontinuum generation is presented in Fig. 9 . The results in Fig. 9(a) are qualitatively similar to the ones obtained for the fiber A (see Fig. 4 ), however, in the fiber B the effect of loss on the SC broadening in the long wavelength range is clearly visible. In Fig. 9(b) we show the spectra calculated for different propagation distances. Already for the distance of 7 cm the spectrum extends maximally; however, it shows significant oscillations. Further propagation results in suppressing theses oscillations and at the distance of 50 cm the spectra becomes practically smooth. Due to a smaller absolute value of chromatic dispersion, the pulse stretch in time is approximately two times shorter than in the fiber A on the same length.
We also analyzed the dependence of the generated spectra upon the pump pulse parameters. The spectra obtained for fixed t FWHM ¼ 65 fs and peak power changing in the range from 5 to 100 kW are presented in Fig. 10(a) and (b) . The spectra obtained for fixed peak power (50 kW) and pulse duration in the range from 50 to 400 fs are showed in Fig. 10(c) and (d) . Similarly, as for the fiber A, the pulse duration below 100 fs is needed for smooth supercontinuum, while the spectrum broadening is correlated with peak power of the pump pulse.
Similarly as for the fiber A, we performed additional simulations to verify influence of pumping wavelength on the generated spectra. We fixed the pulse duration at t FWHM ¼ 65 fs and the Fig. 8 . Spectra generated in the fiber B after 1 m long propagation distance for 65 fs pump pulse centered at 1.97 mu and peak power of 100 kW. The colors represent the following spectra: black-initial pulse; red-SC generated with disregarded fiber loss; green dashed-SC generated in the fiber with the realistic loss level showed in Fig. 3 ; blue-SC generated in the fiber with the loss increased 10 times. peak power at 50 kW and compared the spectra generated in the fiber B of length 1 m pumped at 1.55 m and 1.97 m (see Fig. 11 ). Pumping at maximum dispersion wavelength (1.97 m) results in almost symmetric SC covering the range from 1.24 m to 2.57 m (red line). For the pump at 1.55 m, the asymmetric spectrum extends from 1.09 m to 2.29 m. Interestingly, the spectrum generated in the fiber B pumped at 1.55 m extends deeper into the infrared than for the fiber A. One can conclude that the dispersion flatness in the long wavelength range is more important for efficient SC generation than matching the maximum dispersion wavelength to the pump wavelength.
Coherence
Finally, we have analyzed a coherence of the generated spectra. For this purpose we performed a series of simulations for input pulse duration t FWHM ¼ 65 fs and peak power of 50 kW with pulse centered at 1.55 m (fiber A) and 1.97 m (fiber B). In those simulations one photon per mode initial noise was introduced as well as spontaneous Raman noise was taken into account. For both fibers we executed 40 simulations in each series for the propagation distance equal to 1 m. To quantitatively evaluate the stability of the SC spectra, we used the first-order coherence degree g as defined in [20] . The results of simulations are presented in Fig. 12 . The blue lines represent the averaged SC pulse shapes and spectra, where the red lines represent the same results obtained for a single shot. Thanks to operation in all-normal dispersion regime, the generated spectra are highly coherent. Moreover, in the considered range of pulse duration and peak power fixed to 50 kW, the degree of coherence of generated spectra was practically equal to one. 
Summary
In this work, we numerically studied a possibility of all-normal dispersion supercontinuum generation in germanium-doped hole-assisted silica fibers. We showed that for technologically feasible fiber parameters it is possible to obtain negative chromatic dispersions with maximum dispersion wavelength shifted up to 2 m. The proposed fiber is therefore well-suited for stable and broad supercontinuum generation reaching the mid-infrared. The performed numerical simulations showed that to obtain flat spectra one needs to use ultra-short pulses of duration shorter than 100 fs and peak power of 50 kW. Currently available commercial mode-locked fiber lasers fulfill the identified requirements at 1.55 m, and there are no fundamental obstacles to reach similar parameters for lasers operating at 1.97 m. Even pumping at 1.55 m generates the SC spectra exceeding 2 m. Our simulations also show that flat dispersion in the long wavelength range is a key factor responsible for broadening of the SC spectrum towards mid-infrared. Summarizing, the proposed fiber design is technologically feasible and allows the whole transparency window of silica glass to be covered with stable ANDi SC.
